In this work, we preform a systematic study of the strong decays for the higher singly heavy baryon resonances
I. INTRODUCTION
Recently, the observations of the singly heavy baryon spectrum have achieved significant progress in experiments. In 2017, a new charmed resonance Λ c (2860) was observed in the D 0 p final state by the LHCb Collaboration [1] . Just in the same year, they also found five narrow Ω c resonances in the Ξ c K invariant mass [2] , and most of them were confirmed by the Belle Collaboration subsequently [3] . In 2018, two bottom resonances Σ b (6097) and Ξ b (6227) were found in the Λ b π and Λ b K final states at LHCb, respectively [4, 5] . In 2019, the LHCb Collaboration reported the observation of two bottom baryon resonances Λ b (6146) and Λ b (6152) in the Λ b π + π − channel, which are good candidates of the D−wave Λ b doublet [6] . The experimental progress provides fruitful information for us to establish the low-lying singly heavy baryon spectrum.
Focusing on the nonstrange sectors Λ Q and Σ Q (Q = c, b), plenty of theoretical works have been made to investigate these low-lying singly heavy baryons . In the traditional quark model, the Λ Q and Σ Q states belong to the antisymmetric flavor structure3 F and symmetric flavor structure 6 F , respectively. Take the low-lying Λ c spectrum for example, the Λ c (2286) is the ground Λ c state, and the Λ c (2595) and Λ c (2625) can be explained as the two P−wave states [35] [36] [37] [38] . The Λ c (2765) can be interpreted as the Λ c (2S ) state, whose isospin has been confirmed to be zero by Belle Collaboration [39] . The Λ c (2860) and Λ c (2880) resonances are consistent with the theoretical predictions of the Λ c (1D) doublet with J P = 3/2 + and J P = 5/2 + , respectively [40] [41] [42] . Under this conventional interpretation, the low-lying λ−mode Λ c spectrum with N = 0, 1 and 2 shells has been established, and is presented in Fig. 1 . Other theoretical investigations of the low-lying Σ c , Λ b , and Σ b spectra also achieve great successes. More interpretations and detailed discussions of these singly heavy baryons can be found in Refs. [43] [44] [45] [46] [47] .
Above the DN threshold, three Λ Q resonances Λ c (2860), model studies of the mass spectra can be found in the literature [7] [8] [9] [10] [11] [12] [13] [14] . In fact, the decay properties of the higher Λ Q and Σ Q excitations are crucial for our searching for them in experiments. If the higher resonances dominantly decay into the channels with one heavy meson plus one light baryon, they may be relatively easy to be observed in these special channels by future LHCb and BelleII experiments just as the Λ c (2940) resonance has been observed in the D 0 p final state.
In this work, we study the strong decays of the higher excited Λ Q (3S ), Λ Q (2P), Λ Q (2D), Λ Q (1F), Σ Q (3S ), Σ Q (2P), Σ Q (2D), and Σ Q (1F) states within the 3 P 0 quark pair creation model. Our results indicate that most of the λ−mode higher excited Λ Q and Σ Q states have relatively narrow total widths, and mainly decay into the heavy meson plus light baryon final states. Our predictions show the general feature and provide helpful theoretical information for these higher states, which may be valuable for future experimental searches.
This paper is organized as follows. The formulas of the quark pair creation model and adopted notations are briefly introduced in Sec. II. The strong decay behaviors of the higher excited Λ Q and Σ Q baryons are estimated in Sec. III and Sec. IV, respectively. A short summary is presented in the last section.
II. 3 P 0 MODEL
In present work, the 3 P 0 model is adopted to estimate the OZI-allowed two-body strong decays of the higher excited Λ Q and Σ Q baryons. This model has been widely employed to investigate the strong decays of conventional hadrons and meet with considerable successes [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] . For a heavy baryon A, it can decay into two final states B and C via a J PC = 0 ++ quark-antiquark pair [49] , and the transition operator can be taken as
where γ is a dimensionless constant of the q 4q5 pairproduction strength. p 4 and p 5 are the momenta of the created quark q 4 and antiquarkq 5 , respectively. The P−wave momentum-space distribution of the q 4q5 can be described by the solid harmonic polynomial Y m 1 (p) ≡ |p|Y m 1 (θ p , φ p ). χ 45 1,−m , φ 45 0 = (uū + dd + ss)/ √ 3, and ω 45 = δ i j are the spin triplet, flavor singlet, and color singlet wave functions of the q 4q5 , respectively. The b † 4i (p 4 )d † 4 j (p 5 ) stands for the creation operators, where the i and j are the color indices.
The definitions of the mock states are adopted. For instance, the total wave function of initial baryon A can be taken as [60] 
which satisfies the normalization condition
The P A , p 1 , p 2 , and p 3 are the momenta of the baryon A, quark q 1 , quark q 2 , and quark q 3 , respectively. E A is the total energy of the baryon A. χ 123
are the spin, flavor, color, and space wave functions, respectively. The definitions final states B and C are similar to that of initial state A, which can be found in Ref. [53] .
For the decay of the singly heavy baryons Λ Q and Σ Q , three possible rearrangements exist (6) which are also performed in Fig. 2 . It can be noticed that he first and second cases correspond to the heavy baryon plus the light meson channels, while the third one denotes the light baryon plus the heavy meson decay mode. 
Take the A(q 1 , q 2 , b 3 ) + P(q 4 ,q 5 ) → B(q 1 , q 4 , b 3 ) + C(q 2 ,q 5 ) shown in Fig. 1(b) as an example, the helicity amplitude M M J A M J B M J C can be expressed as, 
It should be mentioned that the overlap of space part not only relies on the magnetic quantum numbers, but also depends on the radial and orbital quantum numbers which are usually omitted for simplicity. Then, the decay width Γ(A → BC) can be calculated straightforwardly
where p = |p| = √
is the momentum of the final states. The statistical factor s = 1/(1 + δ BC ) always equals to one for B and C cannot be identical particles in present calculations.
The explicit notations of initial excited singly heavy baryons together with their predicted masses [9] are presented in Tab. I. For the initial higher excited states, the predicted masses are adopted to calculate their strong decay behaviors. For the final ground states, their masses are taken from the Review of Particle Physics [61] . The harmonic oscillator wave functions are employed to estimate the overlap of space part. For the harmonic oscillator parameters of different mesons, the effective values are used as in Ref. [57] . For the baryon parameters, we use α ρ = 400 MeV and
where the m Q and m q are the heavy and light quark masses, respectively [30, 48, 59] . The m u/d = 220 MeV, m s = 419 MeV, m c = 1628 MeV, and m b = 4.977 MeV are introduced to take into account the mass differences of heavy and light quarks [7, 57, 62] . The overall parameter γ, can be determined by the well established Σ c (2520) ++ → Λ c π + process. The γ = 9.83 can reproduce the width Γ[Σ c (2520) ++ → Λ c π + ] = 14.78 MeV [48, 61] , and also describe the decay widths of ground states Σ b and Σ * b to Λ b π well [59] .
In the constituent quark model, there is only one λ−mode Λ c (3S ) state with J P = 1/2 + . Its mass is estimated to be ∼ 3130 MeV within the relativistic quark model, which lies above the D ( * ) N thresholds. The strong decay behaviors are performed in Tab. II. The Λ c (3S ) state may be a relatively narrow state with a width of ∼ 69 MeV. Its decays may be governed by the D * N channel. The branching ratio of the D * N channel is predicted to be
which is independent with the overall parameter γ.
From the heavy flavor symmetry, the mass and decay behaviors of the Λ b (3S ) state should be similar to that of the Λ c (3S ). From Tab. I, the predicted mass gaps are
and
which preserve the heavy flavor symmetry well. From Tab. III, it can be seen that total decay width of Λ b (3S ) is about 52 MeV, and the main decay mode is B * N channel. The branching ratio of B * N channel is predicted to be
It should be mentioned that the λ−mode Λ c (3S ) and Λ b (3S ) states mainly decay into the D * N and B * N channels, respectively, which indicate that these heavy meson plus light baryon final states should be ideal channels to to search for these Λ Q (3S ) states in future experiments.
In the conventional quark model, there are two λ−type Λ c (2P) states with J P = 1/2 − and J P = 3/2 − . The predicted masses in the relativistic quark model are around 2983 and 3005 MeV, respectively, and their strong decay widths are listed in Tab. IV. It can be seen that the dominated decay channels of these two states are D * N and DN, while other decay modes can be neglected.
As mentioned in the Introduction, the Λ c (2940) is a good candidate of the Λ c (2P) states in the consideration of the mass I: Notations, quantum numbers, and the predicted masses of the relevant excited singly heavy baryons. The n ρ and L ρ denote the radial and orbital angular momenta between the two light quarks, respectively, while n λ and L λ correspond to the radial and angular momenta between the light quark system and heavy quark, respectively. L is the total orbital angular momentum, S ρ is the total spin of the light quarks, j is total angular momentum of light quark system, J is the total angular momentum, and P stands for the parity. The predicted masses of these higher excited singly heavy baryons are taken from the relativistic quark model [9] . The units are in MeV.
uncertainties of quark model. The mass of Λ c (2940) lies below the D * N threshold, which leads to a narrow total decay width. In previous work [48] , the analysis of the strong decays indicates that Λ c (2940) can be well explained as the J P = 3/2 − Λ c (2P) state in the N = 3 shell within the same model and parameters adopted in present work. The detailed discussions of these two λ−type Λ c (2P) states can be found in Ref. [48] . The strong decay behaviors of Λ b (2P) states with predicted masses are shown in Tab. V. The total decay widths are 91 and 162 MeV for J P = 1/2 − and J P = 3/2 − states, respectively. The main decay channels are BN and B * N. It should be mentioned that if the Λ c (2940) corresponds to the J P = 3/2 − Λ c (2P) state indeed, the masses of the Λ b (2P) may lie below the B * N threshold as well considering the heavy flavor symmetry. The variation of strong decays versus the initial Λ b (2P) masses are shown in Fig. 3 . When the initial masses decrease below the B * N threshold, the total decay width of J P = 1/2 − states approximately remain because of the large BN channel. However, for the J P = 3/2 − state, the total decay width drops into several MeV if its mass is lower than the B * N threshold. This specific feature of Λ b (2P) states may provide helpful information for future experimental searches. 
Total width 69.03
The predicted masses of the two Λ c (2D) states with J P = 3/2 + and J P = 5/2 + are around 3189 and 3209 MeV, respectively. Until now, there is no experimental evidence of the Λ c states above 3000 MeV. We employe the predicted masses to calculate their strong decay widths, and the results are performed in Tab. VI. The total decay widths of these two states are about 57 and 73 MeV, respectively. It is shown that the dominated decay channel is D * N for the J P = 3/2 + state, while the main decay modes are both DN and D * N final states for the J P = 5/2 + states. The partial decay width ratios are predicted to be (16) and
These different partial decay ratios can help us to distinguish the two Λ c (2D) states.
In the bottom sector, the similar situation happens. The masses and total decay widths of the two Λ b (2D) states are almost same. The dominant decay channel is B * N for the J P = 3/2 + state, while the main decay modes are BN and B * N final states for the J P = 5/2 + states. To distinguish these two states, the partial decay ratios are needed. From Tab. VII, it is shown that 
Total width 51.65 , 2D → B * N] = 0.70, (19) which in independent with the quark pair creation strengthen.
To sum up, the λ−mode Λ Q (2D) states mainly decay into heavy meson plus light baryon final states, which can be tested by future experiments. Mode For the Λ c (1F) states, the predicted masses are around 3097 and 3078 MeV for the J P = 5/2 − and J P = 7/2 − states, respectively. The calculated strong decay widths are listed in Tab. VIII. It is shown that the DN and D * N are the dominated decay modes for these F−wave states, while the contribution of heavy baryon plus light meson final states can be neglected. 3172 MeV. Until now, there is no experimental information for these states. With the predicted masses within the relativistic quark model [9] , their strong decays are calculated and listed in Tab. XII. The total decay widths of these five states are about 23 − 100 MeV, which are relatively narrow. Roughly speaking, the dominant decay modes are light baryon plus heavy meson channels. These relatively narrow total widths and large D ( * ) N partial decay widths suggest that these states may be easily observed in future experiments. In previous work [48] , the strong decay behaviors have been investigated with the calculated masses in the relativized quark model proposed by Capstick and Isgur [7] . Due to the small differences of the initial baryon masses, the total decay widths change a little, but the conclusions are similar to present ones.
In the same way, the strong decays of five Σ b (2P) states are investigated and presented in Tab. XIII. Since the predicted masses of Σ(2P) states are lower than the B∆ threshold, the total widths and dominated decay channels are quite different with the charmed baryon sector. For the Σ b0 ( 1 2 − , 2P) state, the main decay channel is Ξ b K, while other modes are rather small. For the two j = 1 states, the dominating decay modes are Λ b ρ, BN, and B * N final states. From the heavy quark spin symmetry, the two j = 1 states should have similar properties, such as masses and total widths. Indeed, the predicted masses and total decay widths of these two states are almost same. The partial decay width ratios of BN and B * N are predicted to be (24) and
which are essential to distinguish them. The two j = 2 states mainly decay into the Λπ, BN, and B * N final states, and also have similar masses and total decay widths. The partial decay width ratios of BN and B * N are In the constituent quark model, six Σ c (2D) states are allowed to exist. The predicted masses are much higher than the DN, D * N, D∆, and D * ∆ thresholds, and these channels provide dominating contributions to their total decay widths. From Tab. XIV, the total decay widths of these six states lie in 41 − 102 MeV, which can be searched in the heavy meson plus light baryon channels experimentally.
The six Σ b (2D) states have rather higher masses of around 6600 MeV. From Tab. XV, it can be seen that they mainly decay into the heavy meson plus light baryon final states, which are similar to the charmed partners. The total decay widths varies from 44 to 102 MeV, which can be tested in future experiments.
For the six Σ c (1F) states, the predicted masses are about 3209 − 3288 MeV, which are near the D * ∆ threshold. With these masses, the calculated strong decay widths are shown in Tab. XVI. Roughly speaking, the DN, D * N and D∆ decay modes are the dominating, while other decay channels seem to be small. Their calculated total decay widths are about 6 − 53 MeV, which are relatively narrow. The DN, D * N and D∆ channels may be ideal channels to hunt for these F−wave states.
The predicted masses of six Σ b (1F) states are around 6500 MeV. Due to the limit of phase space, the B∆ and B * ∆ decay modes are forbidden or provide negligible contributions. In this situation, the BN and B * N channels become the dominating decay modes, and the Λ b π channel is also important for the j = 2 and j = 4 states. From Tab. XVII, the calculated total decay widths range from 4 to 46 MeV, and the ideal channels to search for these states are BN, B * N and Λ b π final states.
V. SUMMARY
In this work, we preform a systematic study of the strong decays of the higher excited singly heavy baryons Λ Q and Σ Q states. With the predicted masses of the relativistic quark model, the two body OZI-allowed strong decay widths of
and Σ Q (1F) states are calculated by using the 3 P 0 quark pair creation model. Our results may provide useful information to look for these higher Λ Q and Σ Q states.
It should be mention that most of the λ−mode higher excited Λ Q and Σ Q states have relatively narrow total widths, and mainly decay into the heavy meson plus light baryon final states. These specific decay modes can help us to establish the λ−mode higher singly baryon spectrum since the ρ−mode states decaying into the heavy meson plus light baryon channels are highly suppressed. To be more specific, most of the higher Λ Q states mainly decay into the D ( * ) N or B ( * ) N channels, while most of the higher Σ Q states mainly decay into the D ( * ) ∆ or B ( * ) ∆ final states. However, for some of the 2P and 1F states, the predicted masses may lie near or below the relevant D ( * ) N, B ( * ) N, D ( * ) ∆ or B ( * ) ∆ threshold, and other decay channels may be important due to the phase space constraints. Considering the uncertainties of the adopted masses and the 3 P 0 model, one do not expect the estimated decay widths are accurate. Our predictions should bear uncertainties about 30% and be regarded as a semi-quantitative estimation. Still, our calculations demonstrate the general feature and provide abundant theoretical information for these higher excited singly heavy baryons, which may be helpful for future experimental searches. 
